Purpose The purpose of this study was to assess the endothelium of corneal grafts by in vivo confocal microscopy (IVCM), and to evaluate an automated endothelial software system in comparison with a manual cell count and planimetry. Patients and methods Overall, 40 corneal grafts (20 deep anterior lamellar keratoplasties (DALKs) and 20 penetrating keratoplasties (PKs)) were assessed by scanning-slit IVCM. The endothelial cell density (ECD) was estimated with the automated and the manual cell count method of the instrument's Nidek Advanced Vision Information System (NAVIS) software. The results were compared with planimetry as the reference method, and the agreement was assessed. Results The mean ( ± SD) automated ECD was 2278 ± 524 cells/mm 2 (range 1167-3192 cells/mm 2 ), whereas the manual cell count method gave significantly lower ECDs with a mean of 1213±677 cells/mm 2 (range 218-2440 cells/mm 2 ; Po0.001). The manual cell counts were also significantly lower than those by planimetry, with a mean ECD of 1617 ± 813 cells/mm 2 (range 336-2941, Po0.001). Bland-Altman analyses indicated that the limits of agreement (LoA) between the automated and the planimetry method were À671 and þ 1992 cells/mm 2 , whereas they were À1000 and þ 202 cells/mm 2 when comparing the manual cell counts with planimetry. Conclusion Following keratoplasty, the NAVIS automated method is likely to overestimate endothelial cell counts due to oversegmenting of the cell domains. Automated ECDs are substantially higher than those by the manual counting method or planimetry. The differences are considerably larger post-keratoplasty than for normal corneas, and the methods should not be used interchangeably.
Introduction
Penetrating keratoplasty (PK) is an established technique to restore corneal transparency and has a good long-term prognosis. However, studies have shown that a substantial number of endothelial cells are lost from the transplanted donor cornea, which, as a result, is at risk of decompensation. This decompensation, associated with an unwanted increase in corneal thickness that may occur after an initially successful graft, can be attributed to endothelial dysfunction. Deep anterior lamellar keratoplasty (DALK) is an alternative to PK, especially for conditions that primarily affect the anterior corneal layers such as keratoconus and carries no risk of endothelial rejection per se, with a lower risk of post-operative endothelial cell loss. 1 The causes of endothelial cell loss after corneal transplantation (PK or DALK) are numerous, including mechanical damage associated with the operation itself and later stage immune reactions that lead to rejection of the donor endothelial cells. An assessment of the endothelial cell density (ECD) is a commonplace method of pre-and post-operative monitoring of a corneal graft by using either specular microscopy [2] [3] [4] [5] [6] [7] [8] or, more recently, confocal microscopy. [9] [10] [11] [12] Such high-resolution imaging of the corneal endothelium is generally needed to allow for endothelial cell counting and this is done, as it has long been recognised that a very low endothelial cell count may ultimately lead to reduced endothelial function and to subsequent graft failure. For such assessments, it is important that the method of assessment of ECD is reasonably reliable. [13] [14] [15] Various semi-automated and automated methods are available on specular and confocal microscopes that are routinely used to assess ECD. 11, 16, 17 In vivo confocal microscopy (IVCM) provides highly magnified images of corneal layers, including the corneal endothelium, 11, [18] [19] [20] [21] even from corneas with advanced Fuchs' dystrophy before grafting 19 or from previously failed grafts with partial opacities. 10 One of the endothelial morphometry programmes available with one confocal microscope (Confoscan CS4, Nidek Technologies, Albignasego, Italy) is the Nidek Advanced Vision Information System software (NAVIS). The automated analysis option of this programme (or versions thereof) has been reported to provide cell density values that show reasonable agreement to those obtained with semi-automated or manual methods. [22] [23] [24] [25] [26] Such agreement for ECD values was, however, obtained on relatively normal appearing endothelia with high ECD values and did require manual correction of erroneous cell boundaries created by the automated method. 24, 25 The main purpose of this study was to evaluate the agreement of three endothelial analysis methods used on endothelial images obtained with the Confoscan 4 scanning-slit confocal microscope after corneal transplantation. The reliability of ECD estimates for relatively normal and for very abnormal-appearing endothelia was also evaluated.
Materials and methods
This cross-sectional study was undertaken as part of routine post-operative assessments of corneal graft patients attending the ophthalmology department at Gartnavel General Hospital in Glasgow. The study adhered to the tenets of the Declaration of Helsinki, and consent from patients was obtained to use data for analysis before confocal microscopy. All patients received a comprehensive ophthalmic examination including best-corrected visual acuity, slit-lamp biomicroscopy and Goldmann tonometry. Medical case records were reviewed retrospectively, and demographic and surgical information retrieved. In total, 40 corneal grafts (20 with DALK and 20 with PK) from 36 subjects were included. Keratoconus was the main indication for transplantation. The mean (±SD) age of the subjects was 43±17 years, the confocal assessments were made at 57±64 months after surgery (range 1-208 months).
Scanning-slit IVCM was undertaken after the main ophthalmic examination using a scanning-slit Confoscan 4 instrument (Nidek Technologies) under topical ocular anaesthesia (Minims Proxymetacaine eye drops 0.5%, Bausch & Lomb, Kingston-upon-Thames, UK). All confocal assessments were made on the central cornea.
To ensure similar central corneal locations were assessed, all subjects were asked to fixate at a small light inside the instrument. The full-thickness mode and the 'auto-landing' function were selected; the Â 40 objective lens was used without the Z-ring. The clearest endothelial image frame was selected for analysis with the frame size being approximately 0.460 Â 0.345 mm, from which a region of interest (ROI) was selected for all subsequent analyses. Efforts were made to include as large a number of cells as possible in the ROI. The mean size of the ROI was 0.05 mm 2 (range 0.03-0.09 mm 2 ). A scale marker (50 mm) was placed on each of the image frames using the NAVIS line drawing tool and used for calibration and standardisation of distances on all the images. Cell analysis was first performed using the automated option on the NAVIS software without manual cell border correction, which is part of the Confoscan 4 package (version 3.6.6, Nidek Technologies). Following the automated analysis, a manual cell count was carried out, a technique similar to the 'frame method' described in a recent review by McCarey et al, 27 also available on the NAVIS system. This analysis was performed including cells overlapping the upper and left border of the ROI. Cells overlapping the lower and right border were not included.
The NAVIS automated software requires that the operator select this option from the menu and its output includes the number of cells identified and the mean cell area from which a cell density value is calculated. The NAVIS manual cell count method requires the operator to select cells; this is done by placing a dot on each cell within the pre-defined ROI using a mouse-based cursor. These dots are visible on the screen and, as each cell is selected, the number of cells is progressively counted along with the mean cell area from the set of cells analysed.
Following the automated and the manual counting, planimetry was carried out and used as the reference method. The planimetry technique involves printing of the endothelial image file following careful visual inspection and manual outlining of the cell-cell borders within the ROI with a pen. 28 The area of each of these cells was then measured using a Digipro digitiser pad in stream mode (Elestree Computing Ltd, London, UK), with calibration checked for each image, both against its own internal system and against the scale marker on the printed image. 28 Planimetry allows measurements to be made to a precision of ± 1%. 13 From the set of digitised cells, the mean cell area was calculated and this used to calculate the ECD.
Statistical analysis
Descriptive statistics were generated. The data were compared with a non-parametric statistical test (Wilcoxon signed-rank test), as most data sets were different from a normal distribution, with statistical significance set at Po0.05. Differences in ECD among the three methods were analysed and the agreement between the methods assessed by calculating limits of agreement (LoA, mean difference ± 1.96 SD) and by plotting differences between measurement techniques against the mean of two respective measurements. 29 Linear regression analysis was used to determine any predictable association between the means and the differences. Figure 1 gives an example of a graft with a relatively high ECD (upper panel) and of a graft with a relatively low ECD (lower panel). For the 40 graft endothelia analysed, the manual counting method provided the lowest cell density, followed by planimetry and the automated method, which gave the highest values ( Figure 2 ). Descriptive statistics including the mean, SD and the range of the main outcome measures, as well as the mean number of cells counted with each analysis method are shown in Table 1 . The mean differences between the methods including the LoA are provided in Table 2 . These differences were statistically significant (Po0.001).
Results

ECD for 40 grafts
Differences between the manual cell count and planimetry
The manual counting method provided lower ECD estimates than planimetry, that is, it effectively underestimated the ECD. The mean ( ± SD) difference was À405 ± 303 cells/mm 2 . The difference between manual counting method and planimetry appears to be a systematic effect in that, across the 40 grafts, the ECD from the planimetry was between 48 and 1311 cells/mm 2 higher. Method comparison (Bland-Altman) analysis of the differences vs the mean value of the two methods indicate LoA of À1000 and þ 202 cells/mm 2 . For lower average ECD values, the difference between the two methods appeared less variable (Figure 3 ), whereas for higher mean values, the difference between the two methods was slightly greater and also more variable. Linear regression indicated a predictable bias with the difference declining by 189 cells/mm 2 per 1000 cells/mm 2 change in the mean for the two methods (P ¼ 0.003, r ¼ À0.457).
However, this effect was no longer evident if DALK and PK grafts were analysed separately (not shown). DALKs had generally higher cell counts with a mean ECD of 1689±519 cells/mm 2 (manual cell count) and . Again, the difference was independent from the mean ECD (P40.05).
Differences between the automated method and planimetry
The automated method generated higher ECDs than the planimetry method for 93% of grafts. For all 40 grafts, the mean difference was 661±666 cells/mm 2 ( Table 2 ). The LoA were À671 and þ 1992 cells/mm There was no magnitude-dependent bias across the range of cell density values seen for the DALKs (linear regression, P40.05). However, the difference for the PKs was larger at 1089 ± 674 cells/mm 2 , but again the difference was independent from the magnitude of the measurements (P40.05). 
Eye
Discussion
In this study, confocal microscopy was used to assess the endothelium after keratoplasty. The output from two different software options for endothelial cell counts was found to be substantially different, with both not being in good agreement with the planimetry technique. For the particular set of images analysed, the automated option of the NAVIS software yields a modest to very substantial overestimation of the graft ECD. The main reason appears to be oversegmenting of endothelial cells by the software. The NAVIS manual counting method provided lower ECD estimates than planimetry, effectively underestimating the cell density. These errors were substantially larger than those reported in previous studies using this confocal microscope. However, these previous studies assessed mostly relatively normal endothelia 11, [22] [23] [24] [25] [26] 30 and the automated method was compared with various other methods.
Planimetry is an established technique and was used as the reference method against which the automated and the manual cell count were compared. Planimetry has previously been undertaken on both regular and irregular cell mosaic sets. 13, 28, 31 The automated and the manual cell count methods of the NAVIS system are easy to operate and potentially time-saving analysis options. Earlier studies assessing the software have provided conflicting data. Using a manual cell count, ECD estimates on normal endothelia have been reported to be both lower 23 and higher 24 than those from applying the automated analysis software. Manual editing of the automated Confoscan 3 output was reported to give marginally higher ECD values than a reference method in normal subjects and a slightly better agreement than the automated option. 26 In another study on normal corneas, the manual mode of a Confoscan instrument was reported to give slightly higher ECD values than a count from specular microscope images, 19 but the authors also note that in cases with Fuchs endothelial dystrophy, the ECD values 'differed markedly' (when comparing these two methods). In a very recent study, 11 a centre method was compared with two other options, but the Confoscanacquired images were analysed by another image analysis programme by exporting the images from the confocal microscope. For these comparisons, similar repeatability was reported for 10 normal corneas as well as for 10 graft endothelia. For the 10 grafts studied there was, however, no statistically significant difference in ECD among the three methods used. The ECD differences reported in these various studies 11, 19, [22] [23] [24] [25] [26] 30 are notably smaller than the substantial discrepancies found in the present study on corneal grafts.
The mean ROI used in this study was 0.054 mm 2 and this is similar to the size of the ROI used in a previous study. 32 The minimum ROI in our study was similar in size to the one chosen by the investigators of the aforementioned study (0.03 mm 2 ) for the analysis of images with cell borders that were difficult to visualise. In our study, once the ROI had been selected it was kept constant while each of the three analysis methods were used.
One question that arises when discussing possible reasons for the noted discrepancies in ECD is whether the same cells were analysed with every method. Each set of images had the same scale marker and was crosschecked for calibration. The same ROI was used and every effort was made to see that the number of cells manually outlined for the planimetry matched those marked during the manual cell counting routine. This does not mean, however, that exactly the same cell domains were used in every case and, indeed, the data obtained strongly indicate that these could be rather different between the planimetry and the manual cell count and different again from the automated option. As discussed elsewhere, 33 automated and semi-automated image analyses systems differ in the way cell-cell borders are both identified and displayed. The NAVIS software provides the operator with the borders and thus the individual cell domains if the automated technique is used, but not if the manual cell counting method is used. For sets of uniform or slightly irregular cells, slight differences in cell counts would not be expected to result in such a marked discrepancy in ECD, but ECD estimates are clearly more affected in endothelia with very irregular cell mosaics.
Small differences in the manual cell count can arise because of the ambiguity in user instructions 'yregarding the cells cut by the ROI bordersy', that is, it has yet to be established what constitutes 'cut' by the borders (NAVIS Manual). However, the overall effect is small in comparison with errors in the automated counting method (unpublished data).
The number of cells analysed per image was not constant throughout the study. Using the manual cell counting method, the mean ( ± SD) number of cells counted was 59 ± 31 cells. Slightly fewer cells were counted and analysed during planimetry with a mean of 54 ± 24 cells. Overall, the inter-subject variability in the number of cells that were analysed was unavoidable, as some endothelia had substantially enlarged cell areas and, therefore, fewer cells were available for analysis. In one case, only 14 very large endothelial cells could be counted, despite a relatively large (above average) ROI of 0.064 mm 2 . For another subject, 10 times as many cells (142) were counted within a ROI of nearly identical size of 0.062 mm 2 . Assessments of the variability (unpublished data) have indicated that if the ROI contained 40 cells, any error could be expected to be close to ±1%, whereas this increased to around ±4% if 30 cells were included. This is substantially less than the discrepancies noted in the ECD estimates. Owing to the oversegmentation, the mean number of cells as detected by the automated method was substantially higher at 96 ± 29 cells.
An option available on the NAVIS software is manual correction of any inaccurately placed cell borders when using the automated method. Provided there are not too many errors, it should be fairly easy and not too time consuming to correct these cell border errors. 11, 24, 25, 34 However, for the majority of grafts with non-uniform and large cells, this requires considerable time and is therefore largely impractical in a busy clinic. The automated option on the NAVIS software is substantially oversegmenting cell domains, thereby creating additional cell-cell borders at numerous locations across the ROI that are simply not present, resulting in an artificially high ECD. This artefact does not seem to be caused by abnormal reflections of material on the endothelial surface (Figure 1 ) or by individual hyperreflective nuclei. 32 The oversegmentation makes the automated method essentially unusable, because it may lead to an overestimation of the health of a graft. Similarly, the automated method should not be used for research purposes either, specifically when comparing the outcome of different keratoplasty techniques. The detailed analyses of the differences between the methods strongly indicate that the chance of errors is much more substantial for any grafts with lower cell counts. Of interest in this context is what the best method is for assessment of ECD in busy clinical settings. As noted previously, the perspective in the present study is that a planimetry-based method should be the 'gold standard' and used for morphometry, and this is in line with recent recommendations. 35 It is however acknowledged that planimetry may be too time consuming for routine use in clinical settings.
Over-(automated method) or underestimation (manual cell counting method) of ECD can have clinical consequences. For the very grafts for which accurate and reliable ECD estimates are needed, the automated software overestimates the ECD and the results could be misinterpreted as indicating that the post-operative cell density was acceptable. This is important when there is really a precipitous loss of endothelial cells as in the early post-operative period. 1, 36 In our clinic, endothelial imaging is commonly undertaken on graft patients undergoing further ocular surgery (eg, late cataract extraction). Patients with normal corneal grafts, but with a cell count that is already lower than in normal eyes may have an increased risk for corneal decompensation due to the potential endothelial damage inflicted by cataract surgery. 37, 38 Counselling on the basis of the endothelial examination is likely to influence a patient's decision whether or not to consent to cataract surgery and is therefore of importance to the surgeon. Underestimation of the ECD by the manual counting method might prompt concern even if the graft appeared clear, whereas an overestimation using the fully automated method might lead to a decision that the particular graft was not at risk. A further consequence of underestimating ECD by the manual counting method is that a poorer graft outcome is assumed than has really occurred.
In addition to the methods described in this study, other methods that could be used to assess the ECD in corneal endothelia include exporting images to either a standard computer or a tablet-style processing device and then using compatible software programmes to trace cell borders and to quantify the cell density.
Conclusions
The NAVIS automated method on the Confoscan is likely to grossly overestimate endothelial cell counts in corneal grafts due to substantial oversegmenting of endothelial cells, and should not routinely be used in clinic or research settings. Both, the NAVIS manual cell count and the planimetry method provides lower cell counts, and the three methods described in this paper should not be used interchangeably. Clinicians need to be cautious when extrapolating results from assessment of reliability of endothelial morphometry on normal endothelia to post-keratoplasty endothelia.
